The effect of UV-O 3 treatment on the nucleation behavior of ruthenium ͑Ru͒ film on low-k dielectrics was investigated. A continuous Ru film was not formed on the as-deposited or N 2 -annealed low-k layer, but after the UV-O 3 treatment, full coverage with a continuous Ru layer was obtained. The microstructure and Ru/low-k interface were studied using transmission electron microscopy, specular X-ray reflectivity, and Auger electron spectroscopy. The enhanced nucleation behavior of Ru may be due to the increased chemisorption probability of the Ru precursor on the low-k film surface, which comes from a modified oxygen-based dense layer ͑SiO x ͒. Copper ͑Cu͒, which has replaced aluminum as the material used to reduce the resistance of the interconnect in highly integrated semiconductor devices, requires a metal barrier to prevent the diffusion of Cu into the adjacent dielectric.
Copper ͑Cu͒, which has replaced aluminum as the material used to reduce the resistance of the interconnect in highly integrated semiconductor devices, requires a metal barrier to prevent the diffusion of Cu into the adjacent dielectric.
1 A physical-vapor-deposited ͑PVD͒ Ta/TaN bilayer is most widely used for this purpose, but it must be continually scaled down to minimize its effect on the interconnect resistivity. However, at the 45 nm node or below, the step coverage provided by the PVD technique will not be at the proper level and the effective resistivity of the line will also increase. In order to overcome the high resistance problem of these narrower metallization lines adopting the Ta/TaN bilayer, the use of a pure metal barrier is being explored. Among the various candidate metals, ruthenium ͑Ru͒ has attracted considerable attention because it facilitates the direct deposition of Cu without a seed layer and provides a good Cu interface. 2 However, most Ru films are prepared by the PVD technique, which also suffers from the poor step coverage problem. Chemical vapor deposition ͑CVD͒ would certainly provide better step coverage. Unlike Ru metal deposited by the PVD method, however, it has been shown that Ru deposited by CVD suffers from a long incubation time problem and has a large substrate dependency. 3, 4 Atomic layer deposition ͑ALD͒ has the capability of producing ultrathin films ͑of the order of a few nanometers͒ with further improved conformality and, thus, could be a suitable deposition method for Ru barrier films. However, the ALD process also suffers from a poor nucleation problem at the initial stage of the film growth. 5, 6 Accordingly, various surface treatment and modification processes have been proposed. 7 Among them, UV-O 3 treatment has been reported to effectively change the film surface without inducing any adverse modification of the underlying low-k film. 8, 9 In this paper, we describe the deposition of Ru films on porous low-k dielectrics by the ALD process. The direct deposition of Ru on the porous low-k dielectrics suffered from a poor nucleation problem. The nucleation of Ru was significantly enhanced when ultraviolet radiation ͑UV͒−O 3 treatment was performed on the lowk dielectrics prior to the Ru deposition.
We deposited 200 nm thick low-k amorphous-SiOC:H films on silicon wafers by the plasma enhanced chemical vapor deposition method using bis͑trimethylsilyl͒methane ͑H 9 C 3 -Si-CH 2 -Si-C 3 H 9 ͒ as the precursor. The low-k material that was used in the study has the following properties: k value of 2.7-2.8, density of ϳ1.2 g/cm 3 , and refractive index of 1.38. The deposition was performed at room temperature followed by postdeposition annealing at 450°C for 30 min in an inert N 2 ambient, which reduced the dielectric constant. 10 Ru was deposited using a showerhead-type thermal ALD system using 2,4-͑dimethylpentadienyl͒ ͑ethylcyclopentadienyl͒Ru as the precursor and oxygen as a reducing agent. 11 The growth temperature and growth cycle were fixed at 250°C and 1000 cycles, respectively. The UV-O 3 surface treatment was performed using another ALD chamber equipped with a commercially available low-pressure mercury UV lamp. A schematic diagram of the UV-O 3 treatment chamber has been published elsewhere. 12 The low-k films were annealed in N 2 ambient before the UV-O 3 treatment. The UV-O 3 treatment makes the surface of the annealed low-k film more SiO 2 -like and removes the surface contamination. 13 This was confirmed by the increased Si-O-Si peaks intensity near 1030 cm −1 and the corresponding decrease of Si͑CH 3 ͒ x peaks intensity near 1260 cm −1 in the Fourier transformed infrared spectroscopy data when the UV-O 3 treatment time was increased. X-ray photoelectron spectroscopy also confirmed this change of the low-k film surface. In this study, the UV-O 3 treatment was performed for 60 s to minimize the damage to the underlying low-k layer.
The thicknesses of the deposited low-k and metal films were measured by ellipsometry and cross-sectional scanning electron microscopy ͑SEM͒ measurements, respectively. More accurate estimations of the thicknesses of the Ru films and SiO x layer formed by the UV-O 3 treatments were acquired by the X-ray reflectivity ͑XRR͒ measurements. The XRR were carried out using a PANalytical X'Pert materials research diffractometer. The reflectivity data were used to evaluate the film thickness, average mass density, and interface roughness by the least-squares fitting method using the analytical software, X'Pert Reflectivity 1.0. The surface roughness of Ru was cross-checked by atomic force microscopy ͑AFM͒ using a JEOL JSPM-5200. The microstructures of the films and the interface of the modified low-k and metal Ru layers were observed by transmission electron microscopy ͑TEM, JEOL, JEM-3000F͒. Auger electron spectroscopy ͑AES͒ was employed to study the Ru/low-k interface. The crystalline structure of the Ru thin films was investigated by X-ray diffraction using Cu K␣ radiation. Figures 1a-c show the cross-sectional SEM images of the Ru films grown on the bare Si, as-deposited low-k, and UV-O 3 treated low-k substrates, respectively. The insets in Fig. 1 show the planview images of each film. As can be seen in Fig. 1a , a uniform 40 nm thick Ru film was deposited on the Si substrate. The inset plan view image indicates that the morphology of Ru on Si is uniform and smooth. The thickness corresponds well with the previously reported growth rate ͑ϳ0.04 nm/cycle͒ of the ALD Ru film. 4, 11 No Ru layer was formed on the as-deposited low-k dielectric film ͑Fig. 1b͒. A small number of Ru islands were observed when Ru was deposited on the N 2 -annealed low-k film, but full coverage of the dielectric film was still not achieved ͑image not shown͒. Therefore, it can be inferred that the nucleation and growth of Ru on the low-k film was largely suppressed, which might be due to the limited number of reaction sites available for the incoming Ru precursors and the low chemisorption probability of the precursor. Furthermore, Ru has the lowest Gibbs free energy per oxygen bond among several diffusion barrier metals, 14 suggesting that it has low reactivity with the underlying oxygen atom of the low-k layer. Similar results were reported for the TiN film; islandlike growth of the TiN film with a rough morphology was obtained on a porous low-k layer. 15 Satta et al. claimed that the inhibited growth of TiN is due to the limited number of reaction sites, e.g., hydroxyl groups, of the low-k layer, because Ti precursors can chemisorb to the substrate only by reacting with underlying hydroxyl groups. 16 When the UV-O 3 treatment was performed on the N 2 -annealed low-k film, full coverage by the Ru film was obtained ͑Fig. 1c͒. However, the film thickness was still only about half that of the control Ru film on Si. Although the number of available reaction sites with which Ru precursor can chemisorb was increased after the modification, it still appears to be lower than that of the Si substrate. Figure 1c also reveals that the Ru on the modified low-k film has a rougher surface morphology compared to that of the control Ru on Si. It appears that the smaller number of reaction sites leads to a relatively low nuclei density at the initial stage of film growth. When the density of the nuclei is low, the coalescence of each nucleus is retarded during the growth stage, resulting in a thinner film and rougher morphology. 3 It was also found that the longer UV-O 3 exposure of the low-k film surface resulted in the better Ru film formation ͑data not shown͒. Figure 2a shows a low-magnification cross section TEM image of the Ru/Si stack. As can be seen in Fig. 2a , the Ru film deposited on Si is polycrystalline with a columnar structure. However, in the low-magnification TEM image of the Ru/as-deposited low-k/Si stack ͑Fig. 2b͒, no metal Ru layer is observed. Instead, some black dots are observed in the upper region ͑down to ϳ70 nm depth from surface͒ of the low-k film. These are assumed to be Ru metal clusters that diffused into the porous film during the deposition. A highresolution TEM image of the black dots is shown in Fig. 2c . This could be interpreted as evidence for the presence of pores in the low-k film. Figure 2d shows a low-magnification TEM image of the Ru/UV-O 3 treated low-k/Si stack. It clearly reveals that a continuous and polycrystalline Ru film was deposited on the UV-O 3 treated porous low-k dielectric, although the surface of the film is rougher than that of the control Ru film on Si ͑Fig. 2a͒.
Figures 3a-c show the XRR spectra of the Ru film stacks on the bare Si, as-deposited low-k, and UV-O 3 treated low-k, respectively. A simulation was conducted for each stack and the best-fitted results are summarized in Table I . A thin SiO x -like layer was assumed to be present on the low-k surface after the UV-O 3 treatment during the fitting simulation. The presence of a top contaminated Ru layer ͑i.e., RuO x ͒ was also considered during the simulation, and this was veri- fied by the AES measurement, as described below. The XRR spectrum of Ru on Si ͑Fig. 3a͒ has a critical angle ͑ c ͒ of ϳ0.44°, suggesting that a dense Ru layer exists in the stack. The simulated density of Ru on the Si substrate was ϳ12.25 g/cm 3 , which is close to the bulk density of ϳ12.34-12.45 g/cm 3 . The mass density was also determined from the area density obtained with the X-ray fluorescence measurement and the thickness obtained by XRR simulation. It was within the range of experimental error. In the case of Ru on the as-deposited low-k film ͑Fig. 3b͒, the first critical angle appears at an angle of incidence of 0.16°, which is well associated with the porous low-k layer. In addition, the critical angle and oscillatory pattern associated with the supposed Ru layer are not observed in the spectrum. Thus, the reflectivity spectrum evidently indicates that no Ru layer was formed. This result is consistent with the SEM image mentioned above ͑Fig. 1b͒. However, a similar spectrum to that obtained from the Ru/Si stack was observed for the Ru/UV-O 3 treated low-k/Si stack. The critical angle associated with the simulated density ͑ϳ12.11 g/cm 3 ͒ of the Ru film in this case was smaller than that of Ru on Si. This is attributed to the relatively low density of the nuclei at the initial stage of film growth. The density and thickness of the low-k layer modified by the UV-O 3 treatment were best-fitted as 1.9 g/cm 3 and 1.6 nm, respectively. The simulated surface roughness of Ru on the UV-O 3 treated low-k film was 4.5 nm, which is almost twice as rough as that of the control Ru film ͑2.3 nm͒. The roughness of the Ru films was also investigated by AFM measurements, and the results ͑3.7, 2.2 nm, respectively͒ are also similar to the XRR simulation results. Figure 4 shows the AES depth profiles of the Ru/Si and Ru/UV-O 3 treated low-k/Si stacks. The presence of an oxygen signal on the Ru film surfaces verifies the insertion of an oxidated Ru layer into the XRR simulation. The residual oxygen concentration in Ru on Si is negligible, as shown in Fig. 4a . This is well correlated with the almost ideal density of the Ru film obtained by the XRR fitting. The data in Fig. 4b confirm that a continuous Ru film was successfully grown on the UV-O 3 treated low-k dielectric film and no residual carbon or oxygen was detected either. It should be noted that the oxygen profile ͑open circle͒ at a sputter time of ϳ4 min, indicated by the arrow in Fig. 4b , is constant for two or three detecting intervals at the Ru/low-k interface. This is assumed to be the modified SiO x -like layer formed by the UV-O 3 treatment.
Ru deposition by ALD proceeds by the chemisorption of Ru on the substrate and the reduction of the remaining hydrocarbon ligands by the reactant gas ͑O 2 ͒. It has been reported that the underlying oxygen atoms in the subsurface region of Ru during the oxygen pulse play a key role in the chemisorption of the Ru precursor. 17 The low-k dielectrics remain in the hydrophobic state at the surface, due to their inherently high carbon concentration. 10 Hence, it can be assumed that surface oxidation and/or a large amount of oxygen adsorption needs to occur for the formation of a Ru nucleus on a low-k film. In view of the results obtained in this experiment, the cyclic oxygen feeding at the deposition temperature of 250°C during the ALD is insufficient for such adsorption of oxygen atoms to take place on the intact hydrophobic low-k surface. When the UV-O 3 treatment is performed, it was found that a relatively dense SiO x -like layer was formed and the film surface became hydrophilic. 13 The modified low-k surface with an oxygen-rich composition assists the cracking of the ligand from the Ru precursor, which consequently increases the chemisorption probability of Ru on the low-k layer. Once the Ru nucleus forms, the activation energy of Ru chemisorption on the underlying metal Ru nuclei is greatly reduced. This leads to the accelerated coalescence of each nucleus, and accordingly, a continuous and uniform Ru film may be obtained. Meanwhile, it has been reported that, in the case of TiN nucleation on a porous low-k film, the hydroxyl groups on the low-k surface act as chemisorption sites for the TiCl 4 precursor. 15 It was found that the hydroxyl groups on the low-k surface were also helpful for the nucleation of Ru but did not act as the main factor for the enhanced nucleation of Ru. Surface roughness of the low-k film may also influence the Ru nucleation behavior. It has been reported that the film surface roughness was increased with the increasing porosity of polymeric low-k films, such as XLK ͑Dow Corning͒ and methylsilsesquioxane. 18, 19 However, the low-k films grown in this study have a much lower porosity than the polymeric low-k films and show little correlation between the porosity and roughness. Therefore, the different roughness of the low-k film was achieved by changing the film thickness. It was found that the nucleation was almost independent of the roughness of the low-k film. This confirmed that the denser structure and oxygen-rich chemical bonding state of the UV-O 3 treated low-k film surface play a key role in enhancing the Ru nucleation.
Conclusion
The intact low-k dielectric had an insufficient number of reactive sites available on which the Ru precursor could chemisorb and, hence, no metal Ru was formed on the low-k film. After the surface modification by the UV-assisted O 3 treatment, however, a continuous Ru film was successfully deposited on the low-k dielectrics. The UV-O 3 treatment modified the surface of the low-k film, causing it to be denser and hydrophilic, i.e., an oxygen-rich composition. The increase in the number of reactive sites led to the easy chemisorption and cracking of the Ru precursor by the sufficient supply of oxygen.
